Yarrowia lipolytica is an industrial host organism with incredible potential for metabolic engineering. However, the genetic tools and capacities in this host lag behind those of conventional counterparts. In this study, we sought to increase the transformation efficiency of Y. lipolytica by creating a simple protocol using electroporation. Efficiency was increased by optimizing wash buffers, pre-culture growth time, OD 600 of competent cells, voltage, competent cell volume, DNA concentration, and recovery time. The outcome of these optimizations led to a simple protocol with maximum linear fragment transformation efficiency of 1.6 × 10 4 transformants per μg DNA and 2.8 × 10 4 transformants per μg DNA for episomal plasmid transformation. The protocol presented here is superior to other Y. lipolytica transformation protocols as it requires no lengthy pretreatment and no required carrier DNA to achieve efficiencies on par with, or exceeding, previously reported methods.
INTRODUCTION
In recent years, Yarrowia lipolytica has become the most wellstudied oleaginous yeast and has incredible potential as an industrial production host (Markham and Alper 2018) . To this end, metabolic engineering strategies in this host have successfully increased the production of native metabolites such as citric acid (Rywinska and Rymowicz 2010; Tan et al. 2016) and lipids (Blazeck et al. 2014; Xu et al. 2016; Wang et al. 2018) , and nonnative chemicals such as vitamins (Larroude et al. 2018; Wagner et al. 2018) and polyketides . These successes notwithstanding, the genetic tools available in this host lag behind that of traditional, conventional hosts like Escherichia coli and Saccharomyces cerevisiae. One particular genetic challenge in this host is its highly active non-homologous end joining (NHEJ) DNA repair mechanism (Wagner and Alper 2016) . This NHEJ activity means that exogenous DNA present in a transformation (including carrier DNA) is often spontaneously and randomly integrated into the genome. Just as importantly, Y. lipolytica suffers from a lack of efficient and facile transformation techniques compared to traditional host organisms. In this regard, transformation efficiency improvements will enable an increased capacity for library-based screening and protein engineering in this host, an area underdeveloped in Y. lipolytica. Moreover, improved transformation removes an important Barth and Gaillardin (1996) bottleneck in Y. lipolytica and can potentially inform genetic engineering strategies for other non-conventional and oleaginous yeasts. Many approaches to improve genetic transformation efficiency in Y. lipolytica have been explored over the past 30 years (Table 1) , with a heavy reliance on chemical transformation. One of the more recent, optimized protocols achieves up to 2.2 × 10 3 transformants per μg DNA, but requires large quantities of carrier DNA (Leplat, Nicaud and Rossignol 2015) . This dependence on carrier DNA is similar to previously reported chemical transformation methods in this host (Davidow et al. 1985; Barth and Gaillardin 1996; Chen, Beckerich and Gaillardin 1997) . Specifically, in the absence of carrier DNA, chemical transformation of Y. lipolytica is barely effective with reported efficiencies of 16 transformants per μg DNA (Davidow et al. 1985) and 20 to 200 transformants per μg DNA (Nicaud, Gaillardin and Pignede 2003) . While carrier DNA is a relatively benign participant in S. cerevisiae transformations, its presence is not desirable in a host where the NHEJ DNA repair is prominent and highly active. In particular, carrier DNA can be incorporated into the host DNA alongside cassettes of interest (Irie et al. 2001) . For previously reported chemical transformation methods in Y. lipolytica, this carrier DNA is present at amounts up to 5000-fold over the DNA of interest (Leplat, Nicaud and Rossignol 2015) . As a result, this additional exogenous DNA can inadvertently integrate into and impact the genotype and phenotype of transformed strains. An alternative to this chemical transformation is electroporation. Transformation of Y. lipolytica using electroporation has been previously reported with efficiencies up to 2.1 × 10 4 transformants per μg DNA, but requires the use of cells pretreated in lithium acetate (a potential mutagen) and many temperature-controlled wash steps (Wang, Hung and Tsai 2011) ( Table 1) .
To bypass the limitations in transformation efficiency in this host and drawbacks of previous approaches, we sought to develop a simplified method that provides high transformation efficiencies for Y. lipolytica genetic engineering endeavors. In this study, we establish an improved protocol by investigating parameters in each of the three major stages of transformation: (i) pre-culture conditions and competent cell preparation, (ii) transformation conditions, and (iii) post-transformation conditions and recovery. In particular, for pre-culture conditions, we investigated the impact of pre-culture fermentation time, cultivation vessel, cell concentration and washing schemes. For transformation conditions, we investigated the impact of electroporation waveform and voltage as well as competent cell volume and DNA concentration. Finally, for post-transformation, we evaluated the impact of recovery time. Collectively, these optimizations led to an optimized and simplified protocol suitable for linear and plasmid DNA that successfully surpasses previously published maximum transformation efficiencies without the use of carrier DNA.
MATERIALS AND METHODS

Media conditions
LB broth (Teknova) was prepared with 100 μg mL peptone, 40 g L −1 glucose, 100 mg L −1 tryptophan (Acros) and 20 mg L −1 adenine (Sigma-Aldrich) were prepared for competent cell cultivation. Sorbitol (Acros) was prepared at 1 M concentration. Glycerol (Fisher) was prepared at 10% concentration by dilution with deionized water.
Plasmid preparations
The linear DNA fragment used for testing transformation efficiency was built from an integration vector containing a leucine marker surrounded by LoxP sites and the strong 16dTEF promoter driving gene expression, all flanked by 26S rDNA integrative sequences, as previously described for engineering in Y. lipolytica (Blazeck et al. 2011 (Blazeck et al. , 2014 . The gene of interest from this previous study was removed via digestion with AscI (New England Biolabs Inc) and PacI (New England Biolabs Inc) to create an empty backbone. Backbone was gel extracted and purified with GeneJET Gel Extraction Kit (Thermo Fisher Scientific). The fluorescent reporter, green fluorescent protein (hrGFP), was amplified from pMCS-16dTEF-hrGFP (Blazeck et al. 2011 ) using PCR and assembled with the backbone using InFusion (Clontech). Cells for plasmid isolation of the linear vector were inoculated from glycerol stock into 200 mL LB/AMP media grown overnight in a 500 mL flask at 37
• C with 225 RPM orbital shaking. DNA for transformation was prepared via maxiprep with the ZymoPURE Plasmid Maxiprep Kit (Zymo Research) following the enclosed protocol. The plasmid tested for linear integration was linearized with NotI-HF (New England Biolabs) in an overnight digestion. Overnight digestions were purified with the GeneJET PCR Purification Kit (Thermo Fisher Scientific). Cells harboring DNA for testing plasmid transformation efficiency (pMCS-16dTEF-hrGFP; Blazeck et al. 2011) were inoculated into several 5 mL volumes of LB/AMP in 14 mL round-bottom tubes and grown overnight at 37
• C with orbital shaking at 225 RPM. DNA from these cultures was isolated using the GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific) following the enclosed protocol.
Strains and yeast cultivation
Transformation methods were tested in a laboratory wild-type strain PO1f (ATCC MYA-2613). Pre-cultures were inoculated from a glycerol stock stored at -80 • C into 50 mL of rich media in a 250 mL baffled flask. Yeast was grown at 28
• C with orbital shaking at 225 RPM for 21 h if time is not specified otherwise. Back dilutions were prepared by inoculating 10 mL of overnight culture into 40 mL fresh rich media in a flask. For tube cultures, cells were inoculated into 2 mL of rich media in 14 mL round-bottom tubes (Falcon) and grown at 28
• C in a rotary drum.
Transformation and quantification
Competent cells were prepared from overnight cultures of PO1f. Culture was transferred to a 50 mL conical tube (Falcon) and centrifuged at 500 × g for 5 min. Supernatant was discarded and pellets were washed once with 50 mL of 1 M sorbitol, unless otherwise specified. After washing, cells were centrifuged 500 × g for 5 min. Again, supernatant was discarded. Cells were then resuspended to the proper OD 600 in 1 M sorbitol. An OD 600 of 30 was used unless otherwise specified. A volume of these competent cells (400 μL unless otherwise specified) was mixed with 5 μg of linearized DNA or 5 μg of plasmid DNA in an electroporation cuvette with 2 mm gap (VWR). Cells were electroporated with a Gene Pulser Xcell Electroporation System (Bio-Rad) with the following settings: exponential decay pulse, 25 μF, 200 ohm, 0.2 cm cuvette and 2700 V (unless voltage is otherwise specified). After electroporation, cells were quenched with 600 μL rich media two times, and as much liquid as could be recovered with a 1 mL pipette was transferred to a 14 mL round-bottom tube. Cells were recovered in a rotary drum at 28
• C for 1 h unless otherwise specified. After recovery, cells were centrifuged at 500 × g for 5 min and washed with 1 mL of 1 M sorbitol. After an additional centrifugation, cells were resuspended in 1 mL of 1 M sorbitol. An appropriate dilution was plated on CSM-Leu selective plates. Dilution plating for viable cells and competent cell counts was done with rich media plates. Plates were incubated for 2 days at 28
• C then counted to obtain colony counts. Efficiencies were calculated by dividing the average colony count by the amount of DNA normalized to the cassette of interest (lacking the additional linearized puc19 fragment).
Results and discussion
To develop a streamlined and efficient electroporation protocol for Y. lipolytica that bypasses the limitations of existing transformation approaches, we investigated parameters in each of the three major stages of transformation: (i) pre-culture conditions and competent cell preparation, (ii) transformation conditions, and (iii) post-transformation conditions and recovery. Each of these experiments was conducted using the transformation of linear DNA fragments into the wild-type lab strain PO1f (ATCC MYA-2613).
Alterations to pre-culture conditions and competent cell preparation can improve overall transformation efficiency
The typical approach to competent cell preparation involves culturing yeast and then washing in a solution to obtain a specified cell density. To optimize this procedure for Y. lipolytica transformation, a variety of different rich media-based preculture conditions and wash conditions were evaluated. Efficiencies were obtained by counting the number of resulting transformation events using a linearized DNA fragment containing an auxotrophic marker enabling leucine biosynthesis paired with a strong hybrid promoter driving the expression of hrGFP as described in the Materials and methods section above. Potential wash strategies were guided by literature review. Previously developed electroporation methods for fungal species use 1 M sorbitol as the wash reagent in competent cell preparation (Benatuil et al. 2010; Liu et al. 2017) . Likewise, it is commonplace to use 10% glycerol when preparing competent cellsespecially for bacterial hosts (Dower, Miller and Ragsdale 1988; Schenk and Laddaga 1992) . For this study, we evaluated these two wash conditions in conjunction with evaluating the preculture scale (i.e. test tube or shaker flask) (Fig. 1) . It is immediately clear that 10% glycerol serves as an inadequate wash solution for preparation of Y. lipolytica competent cells compared with 1 M sorbitol (10 2 vs 3.9 × 10 3 transformants per μg DNA).
Though the transformation efficiency of cells grown in a tube slightly surpasses that of cells grown in a flask (3.9 × 10 3 vs 3.2 × 10 3 transformants per μg DNA with 1 M sorbitol wash), the advantage of flask culture and larger scale transformations warrants its use for most applications. As a result, all further experiments were conducted with pre-cultures grown at the flask scale. Multiple washes are typically employed during electrocompetent cell preparation, especially for E. coli (Dower, Miller and Ragsdale 1988) . To evaluate the impact of multiple washes, we evaluated this strategy using pre-cultures that were grown in flasks for varying amounts of time (Fig. 2) . Three sets of precultures were grown consisting of (i) 21 h, (ii) 18 h or (iii) 21 h with a 3-h outgrowth after back diluting to 20% of the starting cell concentration. For each of these cases, a second wash with sorbitol did not improve transformation efficiency. From a practical standpoint, a single wash is much more desirable as it simplifies the transformation protocol and saves time. Moreover, these results demonstrated the efficacy of room temperature reagents for the wash, an improvement over a previously reported electroporation method for Y. lipolytica (Wang, Hung and Tsai 2011) . The only condition of pre-culture growth that seemed to increase efficiency was the back dilution after long overnight pre-culture trial (improvement of 1.5 × 10 3 transformants per μg DNA from 1.1 × 10 3 transformants per μg DNA). While slightly beneficial, this step does involve more time, media and materials, and thus can be bypassed except when maximum transformation efficiencies are necessary. As a final parameter tested in competent cell preparation, we investigated the impact of diluting the cells prior to transformation. To do so, different competent cell densities were prepared by testing OD 600 and diluting in 1 M sorbitol to OD 600 levels ranging from 5 to 40, in step changes of 5 OD 600 units (Fig. 3) . As a general trend, transformation efficiency increased as a function of cell concentration (with the exception of OD 600 of 40). However, it should be noted that electroporation at higher cell densities has an increased chance of arcing. Based on these ex- periments, an OD 600 of 30 (which corresponds to cell counts of 1.2 × 10 11 ± 7.0 × 10 9 cells mL −1 as measured by dilution plating on rich media) was observed to have the highest transformation efficiency while still maintaining the ability to complete a pulse without arcing. It should be noted that the data in this particular experiment are slightly lower than the values in the prior experiments owing to additional incubation time in the 1 M sorbitol prior to electroporation (as a result of setting up all the conditions simultaneously).
Collectively, these results demonstrate that the best Y. lipolytica competent cell preparation steps include cells cultured overnight in rich medium washed one time with 1 M sorbitol and diluted to an OD 600 of 30. Small volumes of highly competent cells can be prepared from tube cultures and larger volumes of competent cells can be prepared from flasks with an extra boost in efficiency occurring after back dilution and an additional 3-h growth phase.
Transformation conditions can be modified to further improve efficiency of linear integrations
Following optimization of the competent cell preparation protocol, we next evaluated various parameters associated with the electroporation condition itself including the waveform, voltage, competent cell volume and DNA concentration. First, the use of both exponential and square waveforms was tested. Square wave electroporation did not successfully transform Y. lipolytica; thus, we proceeded to optimize the exponential waveform voltage. To do so, we evaluated voltages spanning 1500 and 2900 V (Fig. 4) . Transformation efficiency increased as a function of voltage, up to a maximum of 1.4 × 10 3 transformants per μg DNA occurring at 2700 V. At tested voltages above this level, the electroporation arced and transformation efficiency subsequently dropped. Therefore, 2700 V was selected as the best parameter in this protocol. Next, we evaluated the impact of competent cell volumes loaded into a 2-mm gap electrocuvette between 50 and 400 μL (Fig. 5) . In general, efficiencies were all within error of one another and had a maximum with 200 μL of competent cells which resulted in 7.8 × 10 3 transformants per μg DNA. Taken together, maximum transformation efficiency was observed when 200 μL of competent cells was used for electroporation at 2700 V.
Finally, the amount of DNA per transformation was investigated, ranging from 100 to 5000 ng (Fig. 6) . As expected, when the number of transformants is normalized to the amount of DNA per transformation, fairly similar efficiencies were recorded (meaning that transformation events were more a function of conditions than amount of DNA). This result demonstrates that an increase in the ratio of DNA to competent cells does not necessarily inhibit transformation, and large quantities of DNA can be used when a high absolute number of independent transformants are desired (e.g. library preparation).
Longer post-transformation recovery improves net transformation efficiency
As a final stage in the transformation optimization, we evaluated the impact of recovery time in rich media following the electroporation step. Specifically, recovery times ranging from 0 to 8 h were tested (Fig. 7) . In addition to measuring transformation efficiency (through plating on selective media), an assessment of average total viable cells was conducted to see whether outgrowth was resulting in cell growth and thus division of previously transformed cells. In this experiment, we observed a linear increase in transformation efficiency as a function of recovery time. In all prior experiments above, a 1-h recovery time was used; however, it was found that among the times tested, 8 h was superior. Specifically, the extended recovery time yielded 3.8 × 10 3 transformants per μg DNA compared with the 1.9 × 10 3 transformants per μg DNA obtained in a 1-hrecovery. Throughout the recovery stage, average viable cells did not increase significantly suggesting that this increase in transformants was due to new integration events in the genome of transformed DNA rather than cell outgrowth and division of initially transformed cells. This result demonstrates the importance of optimizing recovery time during transformation. 
Transformation efficiency of plasmid DNA is higher than linear transformation and integration
All experiments described above were tested with linear fragments of DNA to obtain stable genome integrations. Nevertheless, episomal plasmids are useful for testing synthetic biology tools and expressing genes that are undesirable for integration like those that encode CRISPR-Cas9 (Schwartz et al. 2016) and Cre recombinase (Fickers et al. 2003) . To initially evaluate the efficiency of electroporation-based transformation of plasmids, we used an episomal plasmid with similar structure to the linear DNA ( Fig. 8) and obtained 2.8 × 10 4 transformants per μg plasmid DNA. This efficiency was obtained when using 400 μL of competent cells at an OD 600 of 30 from a 21-h flask pre-culture electroporated at 2700 V and recovered for 1 h. This efficiency value is the highest reported for an electroporation method of Y. lipolytica (Table 1) . It is possible that further improvements can be made by combining additional factors including competent cell volume and longer recovery times. Nevertheless, this electroporation condition is suitable for both plasmid and linear fragments.
CONCLUDING REMARKS
Most current transformation methods for Y. lipolytica involve the complicated preparation of competent cells or the use of large quantities of carrier DNA. In this work, we optimized a simple protocol for efficient electroporation transformation of Y. lipolytica that involves only a single wash with a common reagent at room temperature. This protocol simplifies dayto-day metabolic engineering efforts in this non-conventional yeast while providing transformation efficiencies up to 1.6 × 10 transformants per μg DNA for linear integration and 2.8 × 10
